Burelle, Y., C. Fillipi, F. Pé ronnet, and X. Leverve. Mechanisms of increased gluconeogenesis from alanine in rat isolated hepatocytes after endurance training. Am. J. Physiol. Endocrinol. Metab. 278: E35-E42, 2000.-This work aimed at further investigating the mechanisms by which liver gluconeogenic capacity from alanine is improved after training in rats, with an isolated hepatocyte model. Compared with controls in hepatocytes from trained rats incubated with gluconeogenic precursors (20 mM), the glucogenic flux (J glucose ) was increased by 64% from alanine (vs. 21% for glycerol, 18% for lactate-pyruvate 10:1, and 10% for dihydroxyacetone). Maximal intracellular alanine accumulation capacity was also increased by 50%. Further experiments conducted on perifused hepatocytes showed that the putative adaptation at the level of the phosphoenolpyruvate-pyruvate cycle, which could be involved in the increased J glucose from lactate-pyruvate, was not involved in the increased J glucose from alanine after training. For alanine concentration higher than ϳ1 mM, an increased flux through alanine aminotransferase appeared responsible for the increased J glucose . This could, in turn, depend on an increased supply of cytosolic 2-oxoglutarate because of the higher mitochondrial respiration observed in hepatocytes from trained rats and the activation of the malate-aspartate shuttle. At lower alanine concentration, the increase in J glucose appeared to be entirely due to the improved transport capacity.
ENDURANCE TRAINING results in a better maintenance of blood glucose level during prolonged exercise, both in humans (9, 22, 28) and rats (11, 36) . In vivo studies conducted in rats by Turcotte and Brooks (36) and by Donovan and Sumida (11) indicate that this is due to an elevated liver glucose production attributable to a higher rate of gluconeogenesis. Results from studies conducted on perfused liver (10, 33, 34) and incubated liver slices (31) from rat have, in fact, reported increases in maximal gluconeogenic flux from lactate (31, 34) and alanine (33) after endurance training. In contrast, no significant changes were observed with dihydroxyacetone as substrate (33) . Because alanine and lactate both enter gluconeogenesis at the level of pyruvate, Sumida and Donovan (33) suggested that the adaptation of the gluconeogenic pathway to training could occur upstream of the triose phosphates, possibly at the level of the phosphoenolpyruvate-pyruvate cycle. However, these authors did not rule out the possibility that the increased glucose production observed from lactate and alanine could be due to distinct training adaptations for each precursor.
The purpose of the present study was, thus, to further investigate the effect of training on gluconeogenic capabilities from alanine, in isolated hepatocytes. In a first series of experiments, isolated hepatocytes from trained and control rats were incubated with saturating concentrations of various gluconeogenic precursors (lactate-pyruvate, glycerol, dihydroxyacetone, and alanine). Results from these experiments showed that training significantly increased maximal gluconeogenic flux from every substrate tested, particularly from alanine. Alanine transport capacity was then assessed in incubated hepatocytes, and the perifusion technique was used to identify the step(s) involved in the training activation of gluconeogenesis from alanine. Results from these experiments suggest that training-induced increase in gluconeogenesis from alanine is due to both increased transport and transamination into pyruvate.
METHODS

Animal care and training program.
The studies were conducted on male Wistar rats (initial weight, ϳ180 g). Animals were housed in pairs in a room with a 12:12-h light-dark cycle and were fed regular rodent lab chow with water ad libitum.
Trained animals swam in pairs in circular tanks (90 cm in diameter, filled to a depth of ϳ60 cm with water at 35°C agitated with compressed air) 5 days/wk for a period of 4 wk. Swimming duration was progressively increased from 30 min during the first week to 210 min during the fourth week. Data from Taguchi et al. (35) indicate that this swimming protocol results in significant training adaptations, as evidenced, for example, by a 25-30% increase in succinate dehydrogenase activity in the extensor digitorum longus and the deep portion of the vastus lateralis. Control animals were handled daily and were placed in water (35°C) for 10 min 5 day/wk.
Isolation of hepatocytes. Observations were performed 72 h after the last training session, after a 16-h fast. The rats were anesthetized with sodium pentobarbitate (10 mg/100 g body wt ip), and the hepatocytes were isolated according to the method of Berry and Friend (5) as modified by Groen et al. (17) . Briefly, the portal vein was cannulated, and a 2-min anterograde perfusion with Ca 2ϩ -free Krebs-Ringer bicarbonate buffer (25 ml/min; 37°C, pH ϭ 7.4, continuously gassed with 95% O 2 -5% CO 2 ) was performed to remove blood from the liver. A 10-min retrograde perfusion (25 ml/min) through the posterior vena cava was started with the same perfusion medium. Subsequently, a recirculating perfusion was performed (20 min at 40 ml/min) with 100 ml Krebs-Ringer medium supplemented with 0.25 mg/ml collagenase (type IV, Sigma, St. Louis, MO). The liver was then cut and shaken in the perfusion medium for 2 min under constant gassing (95% O 2 -5% CO 2 ). Finally, the cell suspension was filtered through nylon gauze (pore size, 120 µm), washed twice with KrebsRinger bicarbonate buffer containing 1.6 mM Ca 2ϩ , and then washed for a third time with the same buffer supplemented with 1% BSA.
Incubation in closed vials. Liver cells (final concentration 10 mg dry cells/ml) were incubated in closed vials for 45 min in 2.8 ml Krebs-Ringer bicarbonate buffer (in mM: 120 NaCl, 4.8 KCl, 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 24 NaHCO 3 , and 2.4 Ca 2ϩ , pH ϭ 7.4) saturated with 95% O 2 -5% CO 2 and maintained at 37°C. Incubations were performed with either no exogenous substrate or the following gluconeogenic precursors in saturating concentrations: alanine (20 mM), lactate-pyruvate (20-2 mM), dihydroxyacetone (DHA, 20 mM), or glycerol (20 mM). BSA-oleate (2%-2 mM) was added to the incubation medium except when glycerol was the substrate because gluconeogenesis from this precursor is entirely controlled by the redox potential (6, 25, 39) . Every 15 min, 300-µl samples of the cell suspension were taken and deproteinized with HClO 4 (final concentration, 5% mass/vol). After centrifugation (2 min, 14,000 g), the supernatant was removed and neutralized with KOH and (2N)-3-(N-morpholino)propanesulfonic acid (0.3 M) for subsequent glucose assay. When DHA was the substrate, lactate and pyruvate were also assayed, to estimate the flux through pyruvate kinase (3) .
Alanine transport in incubated hepatocytes. Liver cells were preincubated during 20 min as described in Incubation in closed vials, but aminooxyacetate (1 mM) was added as a transaminase inhibitor. At time 0, alanine (2 mM) was added, and sampling of the cell suspension was performed at 0.5, 1, 1.5, 4, 7, 10, and 15 min. To measure intra-and extracellular alanine concentrations, samples were placed in 1.5-ml Eppendorf tubes containing 500 µl of a Ringer solution with glucose 6-phosphate (10 mM). After a 15-s centrifugation at 10,000 g, a 400-µl sample of the supernantant was deproteinized with HClO 4 (final concentration, 5% mass/vol) and neutralized. The remaining supernatant was discarded, and the pellet was immediately deproteinized with 250 µl HClO 4 (10% mass/vol) ϩ 25 mM EDTA. After the pellet was resuspended and centrifuged, the acid-soluble intracellular content was separated and neutralized. Intra-and extracellular alanine and glucose 6-phosphate concentrations were determined fluorimetrically (Jobin Yvon, Longjumeau, France) as described by Bergmeyer (4) . The amount of glucose 6-phosphate recovered in the acid-soluble intracellular fraction was measured. This value was used for computing the volume of extracellular adherent fluid remaining in the pellet (0.81 Ϯ 0.03 ml/g dry cells), to correct for contamination by extracellular alanine.
Perifusion of hepatocytes. Liver cells were perifused according to the method of van der Meer and Tager (37) modified by Groen et al. (17) as previously described (2) . Hepatocytes (225-250 mg dry mass) were placed in 15-ml perifusion chambers at 37°C and were perifused (5 ml/min) with a continuously gassed (95% O 2 -5% CO 2 ) Krebs-Ringer bicarbonate solution (pH ϭ 7.4) containing 0.2% BSA and 0.2 mM oleate. The experiments were carried out in duplicate in two perifusion chambers placed in parallel. At the chamber outlet, perifusate O 2 content was monitored with Clark electrodes (Yellow Springs Instruments, Yellow Springs, OH) to assess O 2 uptake of the hepatocyte suspension. After 40 min, when O 2 uptake had reached a steady state, alanine was infused into the chamber at a constant rate to obtain several successive steady states with increasing alanine concentrations (0.15, 0.30, 0.60, 1.2, 2.4, 4.8, and 9.6 mM).
At each steady state, three samples (5 ml) of the perifusate were taken at 2-min intervals for subsequent determination of glucose, lactate, pyruvate, acetoacetate, and ␤-hydroxybutyrate concentrations. Samples were stored at 4°C and analyzed within 12 h after the end of the experiment. In addition, 300 µl of the cell suspension were sampled from the chamber for intra-and extracellular fractionation as described in Alanine transport in incubated hepatocytes.
Finally, another 300-µl sample was removed for cellular fractionation. For this purpose, mitochondrial and cytosolic spaces were separated with the digitonin fractionation method described by Zuurendonk and Tager (42) . Briefly, the cell suspension was placed in a 2.2-ml Eppendorf tube in an isotonic medium containing 2 mM of digitonin (Merck, Lyon, France) at 4°C. After 15 s, the tube was centrifuged for 15 s at 10,000 g to precipitate mitochondria through the underlying 800-µl layer of silicon oil (Waker AR 200, Munich, Germany) into 250 µl HClO 4 (10% mass/vol) ϩ 25 mM EDTA. The supernatant (700 µl) was immediately removed, deproteinized with HClO 4 (5% mass/vol), and neutralized.
Glucose 6-phosphate in intra-and extracellular fractions, intracellular alanine, and cytosolic phosphoenolpyruvate and 3-phosphoglycerate concentrations in neutralized acid-soluble cytosolic fraction were measured fluorimetrically (JobinYvon) as described by Bergmeyer (4).
RESULTS
Gluconeogenesis in isolated incubated hepatocytes.
When hepatocytes isolated from trained and control animals were incubated with no substrate or with various gluconeogenic precursors, a linear increase in glucose concentration was observed over time in the incubation medium, as shown in Fig. 1 , left, for lactatepyruvate and for alanine as examples. The glucose accumulation rate (glucose flux or J glucose ) was significantly higher for hepatocytes from trained vs. control rats when no gluconeogenic precursor was added to the cell suspension (endogenous J glucose : 0.93 Ϯ 0.13 vs. 0.44 Ϯ 0.06 µmol · g dry cells Ϫ1 · min Ϫ1 ). Much higher J glucose (corrected for endogenous J glucose ) was observed when gluconeogenic precursors were provided to the cells (Fig. 1, right) , but the significant difference between trained and control groups remained. The largest differences were observed with alanine and glycerol (64 and 21%, respectively, vs. 18% with lactatepyruvate and 10% with DHA).
When DHA was provided as gluconeogenic precursor, lactate-pyruvate concentration was measured in the incubation medium. The concentration appeared larger with hepatocytes from trained vs. control rats (26.2 Ϯ 4.6 vs. 20.8 Ϯ 2.4 µmol/g dry cells after 45 min), although the difference did not reach statistical significance (not shown).
Effect of training on alanine transport. Figure 2 , left, shows the accumulation of intracellular alanine over time when 2 mM alanine was added to the cell suspen-sion in the presence of aminooxyacetate. A marked accumulation of intracellular alanine was observed in both experimental groups, which was consistently higher in hepatocytes from trained compared with control rats throughout the 15-min incubation period. Maximal intracellular alanine accumulation was 45% higher in hepatocytes from trained rats (163 Ϯ 9 vs. 112 Ϯ 5 µmol/g dry cells). Figure 2 , right, shows the plot of time/[alanine] intra against 1/time: the x-intercept is the time to half-maximal alanine accumulation (t 1 ⁄2), whereas the ratio x-intercept to y-intercept is the maximal alanine accumulation (14) . The largest maximal alanine accumulation observed in hepatocytes from trained rats was associated with no difference in t 1 ⁄2 (1.33 Ϯ 0.03 vs. 1.32 Ϯ 0.04 min in trained and control groups, respectively).
Effect of training on gluconeogenesis from alanine in perifused hepatocytes. In the absence of alanine, the respiration rate (V O 2 ) of the cell suspension, stimulated by 0.2 mM oleate, was significantly 15.5% higher in hepatocytes from trained vs. control rats (11.9 Ϯ 0.5 vs. 10.3 Ϯ 0.5 µmol · g dry cells Ϫ1 · min Ϫ1 ; Fig. 3 ). With increasing alanine concentration, the increase in V O 2 was slightly lower in hepatocytes from trained vs. control rats. However, over the entire range of alanine concentration, the average V O 2 remained significantly ϳ8% higher in hepatocytes from trained rats (average V O 2 over the experiment: 14.3 Ϯ 0.4 vs. 13.2 Ϯ 0.4 µmol · g dry cells Ϫ1 · min Ϫ1 in control rats). Figure 4 shows J glucose (flow rate in the chamber ϫ glucose concentration in the perifusate) vs. alanine concentration in the medium during perifusion in hepatocytes from trained and control rats. As already observed in the incubation experiments, perifused hepatocytes from trained rats exhibited a higher maximal gluconeogenic flux compared with that of control rats: 1.80 Ϯ 0.03 vs. 1.19 Ϯ 0.06 µmol · g dry cells Ϫ1 · min Ϫ1 at the highest alanine concentration (9.6 mM). The higher J glucose in hepatocytes from trained rats was not only observed at saturating alanine concentrations but also for subsaturating concentrations as low as 0.6 mM.
The relationships between the concentrations of selected intermediates, on one hand, and J glucose , on the other hand, in hepatocytes isolated from trained and control rats, when perifused with increasing concentration of alanine, are shown in Figure 5 . The relationship found between cytosolic 3-phosphoglycerate (Fig. 5 , top left), phosphoenolpyruvate (Fig. 5, top right) , and pyruvate (Fig. 5, bottom left) , on one hand, and J glucose on the other hand, were similar in hepatocytes from trained and control rats, i.e., a single relationship between J glucose and the concentration of the given intermediate was observed. In addition, over the range of concentrations of intermediates observed in the present experi- ment, these relationships did not reach a plateau. In contrast, when J glucose was plotted against intracellular alanine concentration, the relationships were markedly different for hepatocytes isolated from trained and control rats and both reached a plateau (Fig. 5, bottom  right) . For intracellular alanine concentration higher than ϳ1 µmol/g dry cells (corresponding to 1.2 mM in the medium; Fig. 6, top) , J glucose was markedly and significantly higher in hepatocytes from trained rats. Below this value, the two relationships could not be distinguished.
As shown on Fig. 6 , top, intracellular alanine concentration increased linearly from ϳ0.2 to ϳ6.5 µmol/g when alanine concentration in the medium was increased from 0 to 9.6 mM. Compared with hepatocytes from control rats, intracellular alanine concentration was slightly, but not significantly, lower in hepatocytes from trained rats. Figure 6 , bottom, shows the relationship between pyruvate and intracellular alanine concentration. A saturation kinetic was observed in hepatocytes from both experimental groups. However, for a given intracellular alanine concentration, pyruvate concentration was higher in hepatocytes from trained compared with control rats. Table 1 shows the ratio of NADH to NAD ϩ in the cytosol and mitochondria computed, respectively, from the ratios of lactate to pyruvate and ␤-hydroxybutyrate to acetoacetate in the perifusate (40) . These ratios were stable over time during the perifusion, and the data have been pooled. The ratios of NADH to NAD ϩ were significantly lower in hepatocytes from trained vs. control rats, both in the cytosol and mitochondria. The ratio of mitochondrial to cytosolic NADH/NAD ϩ was, however, two times higher in hepatocytes from trained vs. control rats.
DISCUSSION
Results from the incubation experiments with saturating substrate concentration show that training significantly increases gluconeogenic capacity from alanine (ϩ64%), glycerol (ϩ21%), lactate-pyruvate (ϩ18%), and DHA (ϩ10%). Apparently, no data are available in the literature concerning the effect of training on gluconeogenic flux from glycerol. In contrast, results obtained with alanine, DHA, and lactate-pyruvate are in accordance with previous reports on the effect of training on gluconeogenic capacity (31, 33, 34) . Sumida and Donovan (33) found that in liver perfused in situ, glucose production from [ 14 C]alanine in saturating concentration (10 mM) was significantly increased by 28% after training. They also reported an ϳ12% increase in glucose production from 20 mM DHA, although this result did not reach statistical significance. As for lactate-pyruvate, Sumida et al. (34) have reported that maximal glucose flux from [ 14 C]lactate was 23% higher in perfused liver from trained rats. The much larger increases reported by Podolin et al. (31) in liver slices from middle-aged and old rats incubated with [ 14 C]lactate (100-200%) could be due to the fact that the liver slices were incubated with glucagon and epinephrine. Indeed, training not only increases basal gluconeogenic flux but also its response to various hormonal factors such as norepinephrine (31) and glucagon (12, 13) .
Lactate and alanine both enter the gluconeogenic pathway at the level of pyruvate, and Sumida and Donovan (33) observed a similar 23-28% increase in J glucose from these two substrates after training. These authors, thus, hypothesized that these results could reflect a common training adaptation for both sub- strates at the level of the phosphoenolpyruvatepyruvate cycle, favoring pyruvate phosphorylation. However, they did not exclude the possibility that the results for lactate and alanine arose from specific adaptations for each substrate. Indeed, the observation made in the present study, that training increases the gluconeogenic capacity from various precursors that enter gluconeogenesis at very different levels, suggests that the adaptation of this pathway to exercise training probably does not occur at a single step but could be spread out at various levels in this pathway and could be, at least partly, different for each precursor. The purpose of the present study was to try to identify those adaptations responsible for the increased gluconeogenic flux from alanine. This increase was not only the largest observed in the incubation experiment at saturating alanine concentration, but it was also observed in the perifusion experiment from subsaturating alanine concentrations as low as 0.6 mM (Fig. 4) , which is only slightly higher than the range of concentration observed at rest and during exercise (0.2-0.5 mM; Refs. 1, 16).
As suggested by Sumida and Donovan (33) , the increase in J glucose from lactate-pyruvate after training points to an adaptation at the level of the phosphoenolpyruvate-pyruvate cycle, which has a flux control coefficient for gluconeogenesis of ϳ60% with lactate-pyruvate as precursors (18, 32) . Accordingly, an increase in gluconeogenesis from lactate-pyruvate could be due to an increase in the activity of pyruvate carboxylase (PC) and/or of phosphoenolpyruvate-carboxykinase (PEPCK) or to a reduction in the activity of pyruvate kinase (PK). As for the effect of training on PK activity, no data appear to be available. Results from the present experiment with DHA as precursor, however, suggest that training does not reduce PK activity. Indeed, when DHA is provided to isolated hepatocytes, a portion enters the glycolytic pathway and the lactate-pyruvate flux reflects the activity of PK (3). In the present study, lactate-pyruvate concentrations in the medium were slightly, albeit not significantly, higher when hepatocytes from trained rats were incubated with DHA (26.2 Ϯ 4.6 vs. 20.8 Ϯ 2.4 µmol/g dry cells after 45 min of incubation). These figures underestimate the flux through PK because in incubation experiments a portion of the lactate-pyruvate produced is converted into glucose. This underestimation could be larger with hepatocytes from trained rats, because gluconeogenesis from lactate-pyruvate was increased after training. Taken together, these results therefore suggest that the putative training adaptation at the level of the phosphoenolpyruvate-pyruvate cycle is due to the activation of PC and/or PEPCK, rather than to an inhibition of PK.
The effect of training on PEPCK and PC has been assessed in several studies (19, 20, 34, 41) . However, no change in the maximal activity of PEPCK (19, 20, 34, 41) and PC (19, 20) and in PEPCK mRNA content (19) was reported after training. Although the activity of PEPCK is entirely controlled by the rate of transcription and the concentration of this enzyme (30) , these findings remain compatible with the consistent observation of a higher gluconeogenic flux from lactatepyruvate observed after training by Sumida et al. (34) , Sumida and Donovan (33) , and Podolin et al. (31) , as well as in the present experiment. Indeed, the gluconeogenic flux across the phosphoenolpyruvate-pyruvate cycle not only depends on the activity of the enzymes controlling this cycle but also on the actual concentration of the substrates for the various enzymes in the condition studied. In this respect, it could be hypothesized that training increases the supply of oxaloacetate to PEPCK, which, in turn, increases the gluconeogenic flux without any change in the concentration and/or activity of the enzymes involved in the phosphoenolpyruvate-pyruvate cycle. No data are currently available on the effect of training on oxaloacetate transport across the mitochondrial membrane, and/or its concentration in the cytosol when lactate-pyruvate is provided to the hepatocyte, to support this hypothesis. In contrast, as discussed below, results from the present experiment rule out this hypothesis when alanine is the gluconeogenic precursor.
In fact, results from the perifusion experiment, which closely mimics the behavior of the hepatocyte in vivo, indicate that putative adaptations at the level of the phosphoenolpyruvate-pyruvate cycle, and/or downstream of this cycle, are not involved in the increased gluconeogenic flux from alanine. This is indicated by the observation that the relationship between pyruvate concentration and J glucose was similar for hepatocytes from trained and control rats (Fig. 5, bottom left) . This single relationship indicates that for a given pyruvate concentration, J glucose is not modified by training. The observed increase in J glucose from alanine is solely due to the increased pyruvate concentration and does not depend on possible adaptations at the level of the phosphoenolpyruvate-pyruvate cycle. A single relationship was also found between cytosolic phosphoenolpyruvate and 3-phosphoglycerate concentrations, on one hand, and J glucose , on the other hand (Fig. 5, top) . These observations further suggest that the increased J glucose from alanine after training is not due to adaptations at steps located downstream from pyruvate. Alternatively, it cannot be ruled out that training adaptations occur between pyruvate and glucose in the gluconeogenic and glycolytic pathways but that these adaptations cancel each other so that no net effect on the gluconeogenic flux is observed.
These findings are in agreement with several consistent data showing that alanine metabolism in the liver is controlled upstream of pyruvate, by its transport into the hepatocyte for low extracellular concentrations (Ͻ1 mM; Refs. 14, 17, 27) and by its transamination into pyruvate at higher concentrations (8, 26) . Indeed, the detailed quantitative analysis made by Groen et al. (17) shows that the flux control coefficient of alanine transport for gluconeogenesis was between 85 and 100% for alanine concentration below 1 mM and decreased to ϳ50% for concentrations ranging between 1.5 and 3.0 mM and to only ϳ20% at 6 mM alanine. Malette et al. (26) showed that increasing alanine concentration from 0.45 to 16 mM in perfused liver was associated with an increase in intracellular alanine concentration without any further changes in pyruvate concentration and Values are means Ϯ SE of pooled data (n ϭ 40) in hepatocytes from control and trained rats. Cytosolic and mitochondrial NADH/NAD ϩ , respectively, were computed from lactate-to-pyruvate (L/P) and ␤-hydroxybutyrate-to-acetoacetate (␤-OH/AA) ratios, with equilibrium constant of lactate dehydrogenase (1.11 ϫ 10 Ϫ4 ) and ␤-hydroxybutyrate dehydrogenase (4.93 ϫ 10 Ϫ2 ) (36) . Measurements were made at each steady state during perifusion and remained stable throughout the experiments. Mito/Cyto, ratio between mitochondrial and cytosolic redox states. Statistical comparisons were made with Student's t-test for unpaired samples. * P Յ 0.05.
J glucose (as observed in the present study: see Fig. 6 , bottom). In perifused hepatocytes, Boon and Meijer (8) also found that at high alanine concentration (5 mM), alanine aminotransferase had a low elasticity coefficient and was therefore responsible for the control of the metabolic flux.
It can thus be hypothesized that the training-induced increase in gluconeogenic flux observed in the present experiment at high alanine concentration (1.2-9.6 mM) is entirely due to an increased transamination, which has a high flux control coefficient for gluconeogenesis in these conditions (8, 26) . Data from the perifusion experiment confirm that at high alanine concentration the transamination step controls the gluconeogenic flux from alanine. This is evidenced by the linear increase in intracellular alanine concentration, without any trend to plateau, over the entire range of extracellular alanine concentration (Fig. 6, top) . In contrast, the relationships between intracellular alanine concentration and J glucose , both of which plateaued for alanine concentration in the medium higher than ϳ4 mM, and the plateau reached were markedly higher in hepatocytes from trained vs. control rats (1.80 Ϯ 0.03 vs. 1.19 Ϯ 0.06 µmol · g dry cells Ϫ1 · min Ϫ1 ). A similar observation was made for the relationships between intracellular alanine concentration and pyruvate (maximal pyruvate concentration: 18 vs. 9 µM in the perifusate from hepatocytes from control and trained rats), although the plateau was not reached in hepatocytes from trained rats (Fig. 6, bottom) . Taken together, these observations confirm that at high alanine concentrations, transamination is the main step controlling the gluconeogenic flux from alanine and indicate that training increases this flux by increasing the capacity of the hepatocyte to convert alanine into pyruvate.
In contrast, the observed increase in J glucose at low alanine concentration in the medium (0.6 and 1.2 mM) could be mainly due to an increased alanine transport capacity. Data from several in vitro experiments, indeed, indicate that alanine transport into the hepatocyte has a high flux control coefficient for gluconeogenesis in these conditions (14, 17, 27) . Data from Wasserman et al. (38) also show that in response to exercise in dogs, the increase in alanine conversion into glucose parallels the increase in its uptake across the liver. In the present experiment, during perifusion at low alanine concentration (Ͻ1.2 mM), the relationship between intracellular alanine concentration (Ͻ0.8 µmol/g dry cells) and J glucose in hepatocytes from trained rats cannot be distinguished from that in hepatocytes from control rats. This observation suggests that, in these conditions, the increased capacity for alanine transamination brought about by training is not responsible for the increase in J glucose . The larger gluconeogenic flux observed (Fig. 4) could rather be due to the marked increased in alanine transport capacity across the plasma membrane, which is clearly demonstrated in incubated hepatocytes in the presence of aminooxyacetate as a transaminase inhibitor (Fig. 2) .
The capacity of alanine aminotransferase (60 µmol · g dry wt Ϫ1 · min Ϫ1 ; Ref. 33 ) is much higher than that of alanine transport in the liver (20 µmol · g dry wt Ϫ1 · min Ϫ1 ; Ref. 23 ). In addition, data concerning the effect of training on alanine aminotransferase activity are both limited and conflicting (21, 33) . Alanine transamination could, however, control gluconeogenesis if 2-oxoglutarate supply in the cytosol becomes insufficient (8) . The supply of cytosolic 2-oxoglutarate depends on the activity of the malate-aspartate shuttle, which, in turn, depends on the rate of mitochondrial respiration (i.e., V O 2 ) and on the inner mitochondrial membrane potential (⌬µ ⌯ ϩ ; Ref. 29) . In the present experiment, V O 2 was consistently higher in hepatocytes from trained vs. control rats (Fig. 3) . This observation was already made by Bobyleva-Guarriero and Lardy (7) and is consistent with the reported higher malate dehydrogenase activity reported by Ji et al. (21) in livers from trained rats. As for ⌬µ ⌯ ϩ , the ratio between the mitochondrial and cytosolic redox states [(NADH/ NAD ϩ mito )/(NADH/NAD ϩ cyto )] in the perifusion experiment also suggests that it was significantly higher in livers from trained rats. Indeed, the large difference between the redox states in the mitochondria and the cytosol depends on the activity of the glutamateaspartate carrier of the malate aspartate shuttle, which is driven by ⌬µ ⌯ ϩ (24) . In hepatocytes from trained rats, the segregation of reducing equivalents in the mitochondria vs. the cytosol was two times higher than in hepatocytes from control rats (Table 1) , strongly indicating that ⌬µ ⌯ ϩ was also higher. It is therefore tempting to speculate that the observed increase in alanine transamination into pyruvate could be due to an increased mitochondrial respiration in hepatocytes from trained vs. control rats. The associated stimulation of the malate-aspartate shuttle could, in turn, increase the supply of cytosolic 2-oxoglutarate, thus promoting alanine transamination into pyruvate and gluconeogenesis. In addition, the increase in mitochondrial respiration could also explain the increased J glucose from glycerol observed in incubated hepatocytes from trained rats. It is, indeed, well established that an increased J glucose from glycerol is entirely dependent on the rate of removal of cytosolic reducing equivalents (6, 25, 39) .
In conclusion, results from the present experiment confirm that gluconeogenesis from alanine is increased in isolated hepatocytes from trained vs. control rats, both at low (near physiological) and high (saturating) concentrations. This increase is not due to adaptations at the level of the phosphoenolpyruvate-pyruvate cycle or at steps located downstream from this cycle. It is rather due to an increased alanine transport capacity at low alanine concentration and to an increased transamination of alanine into pyruvate at high alanine concentration. This later phenomenon could, in turn, be due to the increased mitochondrial respiration observed in hepatocytes from trained vs. control rats, which activates the malate-aspartate shuttle and increases the supply of cytosolic 2-oxoglutarate.
